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We report quantitative data on epidermal melanogenesis by 
established and new furocoumarins. The ears and dorsal skin 
of pigmented hairless mice. wer~ treated for 12. d with com-
pounds in ethanol, at eqUl-optical concentrations, and ex-
posed to subphototoxic dose~ of ultra';'iol.et A. Increase.d pig-
mentation was observed with 6,4,4 -tnmethylangehcm > 
psoralen> 8-methoxypsoralen > 5-me.thoxypsoralen >4,4', 
5' _trimethylazapsoralen = bergamot Oil. Assessment of mel-
anocyte numbers and morphology in epidermal sheet dihy-
droxyphenylalanine preparations showed that 6,4,4' -tri-
methylangelicin was the best compound with 536 ear 
melanocytes/ mm2 ± 15 SEM compared with 46 ± 4 in con-
trols. Psoralen induced 297/mm2 ± 33, compared with its 
methoxy derivatives with ranges between 200 and 240/ 
T he furocoumarins are photosensitizing compounds found in plants [1]. Recently, new derivatives have been synthesized. The psoralens (Fig la) have been widely studied; especially 8-methoxypsoralen (8-MOP) which is used with ultraviolet A (UV A) (315-
400 nm) radiation (PUVA) to treat skin disorders [2,3]. The photo-
biologic effects in vitro and ill vivo of psoralens are diverse and 
include inhibition of DNA synthesis [4]; mutagenesis [5] melano-
genesis [6], immunosuppression [7,8], and skin cancer [9]. Mecha-
nisms are not understood and are likely to be varied including DNA 
and/or cell membrane damage [10]. In the dark furocoumarins in-
tercalate within DNA but with UVA form covalent bonds with 
pyrimidine. bases in anoxic reactions. Abs~rption of one photon may 
induce a smgle-strand monoadduct which may absorb a second 
photon to form an interstrand D~A crossli?k. Linear furocoumar-
ins (psoralens) are prone to crosslmk formation whereas the angular 
furocoumarins (angelicins) usually form monoadducts only. Oxy-
gen-dependent reactions in which the excited triplet state may gen-
erate highly reactive singlet oxygen are implicated in membrane 
damage. 
DNA crosslinks are not necessary for clinical efficacy as there is 
evidence that some monofunctional furocoumarins are active, par-
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mm2. 6,4,4' -trimethylangelicin had a striking effect on dor-
sal skin with 462 ± 18 melanocytes/mm2 compared to less 
than 80jmm2 in all other ultraviolet A treatment groups. 
Khellin, 5-GOP and ultraviolet A only and allnon-ultravio-
let A controls had no effect. Melanogenesis was associated 
with increased dendricity, melanocyte size, especially with 
5-methoxypsoralen, and giant melanocytes were noted with 
some treatments. The potency of 6,4,4' -trimethylangelicin, 
which does not form DNA interstrand crosslinks, may be 
related to its high DNA binding constant. Our data may be 
useful in the selection of compounds to treat vitiligo. 
Key words: UV AjJurocoumarin/psoralen/trimethylangelicin/ 
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ticularly with psoriasis, with the reported advantages of being less 
phototoxic and photocarcinogenic than the conventionally used 
8-MOP and 5-MOP [11 -14]. Khellin, a naturally occurring fur-
ochromone (Fig 1b) that has been used to treat vitiligo [15,16] forms 
DNA monoadducts and a small number of crosslinks [17]. 
Although the melanogenic properties of furocoumarins are well 
known there is a surprising lack of published quantitative data on 
their comparative efficacies. We report here on quantitative, mor-
phometric, melanogenesis studies with well known and new furo-
coumarins and khellin. Visual and histologic observations were 
made in the epidermis of the ear and skin of pigmented hairless 
mice. We also assessed the skin phototoxicity by measuring edema, 
which is a model for human erythema [18]. 
Most studies comparing furocoumarins have been fundamentally 
flawed because equimolar concentrations have been used. The criti-
cal factor in photosensitization reactions is total photon absorption 
?y t~e photo~ensitizer. EquiI?olar. comparisons may give mislead-
mg mformatlOn on photobIOlogiC efficacy as extinction coeffi-
cients, for given wavelengths, may show considerable variation be-
tween compounds. For example, contrary to previous reports, the 
erythemogenic potential of angelicin was similar to that of 8-MOP 
when comparis<?ns were made at the same optical concentration 
[19] . In our studies we have standardized optical density at the peak 
emission of the UV A source. 
MATERIALS AND METHODS 
Irradiation System A bank of 10 Philips 'TL' 40W / 10R R-UVA tubes 
(aged 20 h, with peak output at 368 nm and half bandwidth of 15 nm as 
shown in Fig 2) was mounted inside (top) an aluminum foil-lined, tempera-
ture-controlled (max 30°C) box. The fluence rate, at mouse level (30 cm 
from tubes), was 8 mW /cm2 determined with a spectroradiometrically 
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Figure 1. Molccular structures of the furocoumarins and onc furochro-
mone (khellin) used in the studies. 
(Optronics 742) calibrated International Light (IL) 442A UVA radio-
meter. 
Chemicals 
Pigment Inductioll: The compounds (Fig 1) were 8-methoxypsoralen (8-
MOP), S-methoxypsoralen (S-MOP), psoralen, 4,4',S'-trimethylazapsora-
len (RG 705), 6,4,4'-trimethylangelicin (TMA) and 5,8-dimcthoxy-2-
methyl-4,S-furo-6,7-chromone (khellin) . The S-geranoxypsoralen (S-GOP 
or bergamottin) and bergamot (Citrus bergamia) oil were kindly donated by 
Dr. P. Forlot. Compounds, dissolved in absolute ethanol and passed through 
0.22 11m millipore filters, were stored in the dark at room temperature. 
S-MOP (0.049 mg/ml) was the optical standard at 368 nm, the peak source 
wavelength, with an optical density (OD36s ) of 0.15 (Perkin-Elmer Lambda 
IS UV /VIS recording spectrophotometer). All compound concentrations 
(Table I) were adjusted to give OD368 = O.lS which remained stable. Table I 
also shows the relative absorbed doses (RAD) by compounds; values for 
psoralen and TMA greater than 1.0 because of higher OD at shorter UVA 
wavelengths. 
Histology: 2 M sodium bromide (Noury-Baker N .V., Deventer, Holland), 
0.1 % L-3,4 dihydroxyphenylalanine (DOPA) (Sigma Chemical Co, St. 
Louis, U .S.A.), standard 4% formalin and eukitt mounting medium 
(Chemi-Teknik, Oslo, Norway). 
Animals One hundred sixty-three male and female C3H/Tif hr/hr 
inbred hairless pigmented mice (Bomholdgaard, Denmark) aged five to 
seven weeks were housed fivc to a cage with free access to food and water. 
Group size, generally S to IS mice, was 34 with non-treated, non-irradiated 
controls as all treated mice had concurrent non-treated controls. 
Treatment Protocol Solutions were applied with a pipette using 4 ilIon 
the inner surface of the ears and 100 ilIon the dorsal skin. Mice were placed 
immediately into partitioned metal cages fitted with 3-mm glass lids to 
remove the small 313-nm line from the spectrum. Thirty minutes later, the 
cages were placed under the UVA tubes. Twelve daily (Monday through 
Friday) non-phototoxic doses of S J/cm2 were given resulting in a cumula-
tive dose of 60 J/cm2• The control groups were (a) UVA only, (b) ethanol 
plus UVA, (c) compounds only, (d) absolute ethanol only, (e) no treatment 
whatsoever. 
Assessment of Melanogenesis 
Visllal: Induced pigmentation of the ears and dorsal skin was assessed by 
daily direct comparison with untreated, unirradiated control mice. The scor-
ing system is described in Fig 3. 
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Figure 2. Emission spectrum of Philips TL 40 W /10R R-UVA tubes fil-
tered with 3 mm window-glass to remove UVB (313 nm line). 
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Table I. Final concentrations of each compound after adjusting 
with absolute ethanol to give an optical density (OD) of 0.15 
at 368 nm and relative (normalization with 5-MOP) absorbed 
doses (RAD)a 
Compound 
TMA 
5-GOP 
Psoralen 
5-MOP 
8-MOP 
Khellin 
RG-705 
Bergamot oil 
Concentration 
(mg/ml) 
0.117 
0.068 
0.054 
0.049 
0.046 
0.045 
0.014 
0.003 (5-MOP) 
Relative Absorbed 
Dose (RAD) 
1.3 
1.0 
1.2 
1.0 
1.0 
1.0 
1.0 
1.0 
• These were calculated by the formula RAD = IOD(.I.)E(.I.).~/IODs.MoP 
(.I.)E(.I.).M where the 00(.1.), optical density at each wavelength between 347 -400 nm, 
E(.I.), emission spectrum of source between 347 -400 nm and 11).,1 nm. 
Histologic: After sacrifice by cervical dislocation, the ears, dorsal, and ven-
tral skins were removed. The ventral epidermis of the ear was removed 
mechanically and discarded. The skins (cut into approximately 1 cm2 
squares) were incubated with 2 M sodiun~ bromide ~t 37"C for 2 h. The 
epidermis was peeled away and further lI1cubated 111 0.1% L-DOPA 111 
phosphate buffer (pH 7.4) at 37" C for 4 h after which they w~re placed into 
4% formalin for 10 mlI1 and dehydrated through a graded senes of alcohols. 
Finally, they were mounted on glass microscope slides and fixed with eukitt 
mounting medium [20]. 
Melanocyte counts and measurements were made using a calibrated mi-
croscope (Zeiss, Germany) with a X 25 objective. Melanocytes are distrib-
uted unevenly in the mouse ear with numbers decreasing towards the base of 
the ear [21]; thus it was important to choose matching test regions within 
each sample. This was achieved by outlining the desired area on the coverslip 
of a sample from each mouse. Within this area, 25 fields of view (each 0.16 
mm2) were examined. From these, the mean number of melanocytes per 
mm2, the mean length of the cell body (i.e., excluding dendrites), and the 
mean number of dendritic processes per melanocyte were determined. The 
last cwo parameters were assessed from 15 randomly chosen melanocytes. 
Giant melanocytes (> 25 ,um) were observed in some treatments and these 
were assessed separately. 
Phototoxicity The dorsal skin-fold thickness (edema) of each mouse was 
measured daily with a Mitutoya thickness gauge (0-10 mm). 
Statistical Analysis Comprehensive statistical analyses, using standard 
tests at which the significance level was set at p :s; 0.05 (two tai led), were 
carried out on all the visual, histologic, and dorsa l skin-fold thickness data. 
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Figure J. Mean visual pigmentation score (±SEM, n 2: 5 mice) in ear and 
dorsal skin of mice after 12 d treatment with various topical furocoumarins. 
Pigmentation scoring was 0, no difference from control; 1, light brown; 2, 
medium brown; 3, medium-dark brown; 4, dark brown; 5, black. " plus 
UVA. 
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Figure 4. Pigmentary response. a) Pigmentation after 12 d treatment with 
TMA plus UVA irradiation. b) Control mouse typical of treatment with 
UVA alone, ethanol plus UVA, or TMA alone. 
The evolution of skin-fold thickness and visually assessed pigmentation 
were evaluated by linear regression using the values at days 0, 4, 8, and 12. 
Comparisons were made using the regression slopes. Differences between 
treatment groups were assessed by one-way analyses of variance. Pairwise 
differences were tested for significance by the multi-comparison procedure 
of Student-Newman-Keul , which is moderately conservative, using the 
SPSS/PC+ V2.0 program package. The average values for each animal used 
in these tests should be normally distributed with homogenous variances. 
Distributions were assessed by the normal score test and variance homoge-
neity was examined by the Bartlett-Box test. In cases where distribution was 
shown to be significantly non-normal, log or square-root transformations 
were applied. 
RESULTS 
Visual Assessment The degree of melanogenesis induced by 
each of the 12-d treatments is shown in Fig 3. C3H/Tif mice 
normally have visible melanin in the ears and tail only. Irradiated 
mice treated with TMA, psoralen, 8-MOP, 5-MOP, RG 70S, and 
bergamot oil (listed in decreasing order of efficacy) all showed in-
creased pigmentation compared to th e vehicle UV A treated control. 
TMA induced the greatest increase in both test sites, especially the 
dorsal skin, which became black (Fig 4a,b) . This pigmentation was 
significantly (p < 0.003) greater, for both test sites, than any other 
treatment. Psoralen, 8-MOP, and 5-MOP induced greater pigmen-
tation in the ears compared to the dorsal skin. Irradiated mice treated 
with psoralen produced dark brown pigmentation in the ears but 
only slight pigmentation in the dorsal skin. There was no difference 
(p> 0.05) between 5-MOP and 8-MOP effects in both the ears and 
dorsal skin. Irradiated mice treated with RG 705 and bergamot oil 
showed only slight pigmentation in both the ears and dorsal skin of 
mice. 
The irradiated mice treated with khellin, 5-GOP, ethanol, and 
UV A only showed no visible increase in pigmentation compared to 
the untreated control animals. Mice treated topically with each 
compound but without irradiation aho showed no visible increase 
in pigmentation in either the ears or dorsal skin. 
Skin-Fold Thickness Measurement The results are shown in 
Fig 5. Ethanol and UV A had no effect compared with non-irra-
diated controls (p > 0 .05). Mice irradiated with khellin, 5-GOP, 
RG 70S, and bergamot oil showed no difference (p > 0.1) com-
pared to treatment with ethanol and UV A. UV A treatment with 
5-MOP, TMA, 8-MOP, and psoralen gave significant (p < 0.02) 
increases. 90% of mice treated with 5-MOP h ad a mild erythema 
(onset day 3) lasting about 6 d. The TMA and 8-MOP treatments 
induced slight erythema (onset days 3 and 4) in 60% of mice lasting 
for 3 d at most. All irradiated mice lost some skin elasticity after 
12 d. Without UV A, none of the treatments was significantly dif-
ferent (p > 0.09) from the vehicle, only controls, but khellin and 
5-GOP were significantly different (p < 0.05) from the nOll-
treated, non-irradiated controls. 
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Figure 5. Time course (mean ± SEM, n ~ 5 mice) for dorsal skin-fold 
thickness during 12 d treatment with various furocoumarins .• , plus UVA. 
Histologic Assessment Fig 6 shows characteristic DOPA posi-
tive melanocytes in UV A only and UV A plus furocoumarin treated 
mice. 
Number ofMelanocytes The data are summarized in Fig 7. An 
increase in epidermal melanocytes of the ear and dorsal skin was 
evident with the TMA, psoralen, 8-MOP, 5-MOP, RG 705, and 
bergamot oil; however, khellin and 5-GOP showed no significant 
(p > 0.1) increase in any site compared with the vehicle UV A 
treated group. 
Ear: TMA induced the greatest increase in the mean number of 
melanocytes per mm2 ± SEM, 536 ± 15 compared to 62 ± 8 in the 
vehicle UVA control. The melanocytes were strongly DOPA posi-
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tive and densely packed. TMA was very significantly more melano- C 
genic than any other treatment (p < 0.001). Psoralen, 8-MOP, 
5-MOP, RG 705, and bergamot oil induced mean numbers of 
297 ± 33, 239 ± 17,200 ± 19, 164 ± 15, and 142 ± 16 per mm2, 
respectively. 
Dorsal Skin: TMA was again the most effective, inducing a mean 
number of 462 ± 18 melanocytes per mm2 compared to 4 ± 1 per 
mm2 in the vehicle UV A control mice. This effect was very signifi-
cantly greater (p < 0.001) than any other treatment, followed by 
5-MOP, which induced melanocyte counts of only 80 ± 5 per mm2 
(6 X less than TMA). 5-MOP was significantly (p < 0.002) better 
than psoralen, 8-MOP, RG 705, and bergamot oil, all of which 
induced melanocyte numbers of less than 50 per mm2 • 
Ventral Skitl: Melanocytes counts were 1 - 4 per mm2 for most 
groups but the irradiated TMA and RG 705 groups gave numbers of 
8 ± 2 and 7 ± 5 per mm2, respectively, the former being signifi-
cantly greater (p < 0.01) than the vehicle UVA-irradiated and 
non-treated, non-irradiated groups. 
Non-Irradiated Controls: All compounds applied to the ear had no 
effect (p> 0.3) in comparison with non-treated, non-irradiated 
controls. Psoralen, 5-MOP, RG 705, bergamot oil, and ethanol 
applied topically to the dorsal skin showed significantly fewer mel-
anocytes compared to non-irradiated controls (p < 0.03). 
Length of Melanocytes The data are summarized in Fig 8. In 
general, treatments that induced melanogenesis provoked larger 
melanocytes. Treatment with UV A plus TMA, psora len, 8-MOP, 
5-MOP, RG 705, and bergamot oil induced significantly (p < 
0.005) larger melanocytes when compared with the vehicle UVA 
control lengths ± SEM of9.6 ± 0.4 fJ.m in the ear and 8.4 ± 0.8 fJ.m 
in the dorsal skin. 
Figure 6. Ear epidermis melanocytes (after 12 daily UVA treatments) 
stained with L-DOPA. a) UVA only showing 2-3 dendrites. b) Increased 
dendricity with 8-MOP. c) Giant melanocyte showing enlarged cell body 
and multiple dendrites with 5-MOP. 
Ear: Lengths ranged from 12.4 ± 0.2 fJ.m for bergamot oil to 
16.7 ± 1.2 J.lm for 5-MOP. Generally pair-wise comparisons 
showed no significant differences between treatments but in two 
cases (RG 705, bergamot oil) the 5-MOP melanocytes were signifi-
cantly (p < 0.005) larger. TMA did not induce particularly large 
melanocytes with mean lengths of 15 ± 0.7 fJ.m. 
Dorsal Skin: Lengths ranged from 14 ± 0.9 J.Lm with psoralen to 
18.5 ± 1.2 fJ.m with 5-MOP, the latter being significantly (p < 
0.05) greater than those of psoralen and 8-MOP. 
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Figure 7. Mean number (±SEM, n = 3-34 mice) of epidermal melano-
cytes/mm2 in ear, dorsal, and ventral skin after 12 d. The value for each 
mouse is the mean count of 25 (0.16mm2) fie lds .• , plus UVA. 
Ventra l Skin: Lengths, generally smaller than in ear and dorsal 
skin, ranged from 7.1 ± 0.1 p.m with psoralen to 13.1 ± 0.1 p.m 
with bergamot oil. These values were not significantly different 
(p> 0.1) to the vehicle UVAcontrollengthsof7.5 ± 0.6p.m with 
the exception of bergamot oil (p < 0.003). 
Non-Irradiated Controls: All compounds showed no significant dif-
ferences (p > 0.1), in any site compared with the vehicle-treated or 
non-treated controls. 
Number of Dendrites Per Melanocyte The data are shown in 
Fig 9. Irradiation with khellin and 5-GOP had no effect on any site. 
Ear: Mean numbers ± SEM ranged from 4.0 ± 0.2 with bergamot 
oil to 7.7 ± 0.8 with 5-MOP. TMA, psoralen, 5-MOP, 8-MOP, 
and RG 705 induced significantly (p < 0.007) more dendrites com-
pared with a vehicle UVA control value of 3.8 ± 0.2. 
Dorsal Skin: Mean numbers ranged from 5.2 ± 0.4 with psoralen 
to 7.2 ± 0.6 with 5-MOP, the latter being significantly (p < 0.02) 
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Figure 8. Mean length (;.lm ± SEM, n = 3 - 34 mice, data from 1 mouse 
where no SEM given) of epidermal melanocytes in ear, dorsal, and ventral 
skin after 12 d. The value for each mouse is the mean length of 15 melano-
cytes in a maximum of25 (0.16mm2) fields . ·, plus UVA. 
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Figure 9. Mcan number (±SEM, n = 3-34 mice, data from 1 mouse 
where no SEM given) of dcndrites/melanocyte in ear, dorsal, and ventral 
skin after 12 d. The value for each mouse is mean of 15 melanocytes in a 
maximum of25 (0 .161111112) fields. ·, plus UVA. 
greater than psoralen, bergamot oil, and the vehicle UV A control at 
3.1 ± 0.3. 
Vet/lra l Skin: Slight variation was observed ranging from 2.6 ± 
0.3 with psoralen to 4.5 ± 0.2 with 8-MOP, the latter being signif-
icantly (p < 0.02) different from the vehicle UV A controls. All 
other compounds showed no significant difference (p > 0.07) from 
the vehicle UVA control at 3.3 ± 0.3. 
NOll-Irradiated Controls: In general, no effects were observed (p > 
0.04) in any site compared to vehicle treated controls. However, 
TMA, psoralen, and RG 705 showed significantly fewer ear den-
drites (p < 0.03) compared with non-treated mice. 
Number of Giant Melanocytes Giant melanocytes (> 25 p.m) 
(Fig 6C), were found in the ears and dorsal skin of the TMA, 
psoralen, 8-MOP, 5-MOP, and RG 705 treatments. The numbers, 
lengths, and dendricity are shown in Table II. Psoralen induced the 
greatest number ±SEM in the ear (8.2 ± 1.9 per mm2) and RG 705 
treatment the greatest number in dorsal skin (3.8 ± 1.2 per mm2) . 
The lengths ±SEM ranged from 32.5 ± 2.5 p.m in the dorsal epi-
dermis to 38.4 ± 1.2 p.m in the ear. Psora len induced the largest 
melanocytes in both sites and also those with the most number of 
dendrites, 20.7 ± 0.9 and 15.8 ± 2.9 in the ear and dorsal skin 
respectively. In the ear, the number ofTMA-induced giant melano-
cytes is significantly (p < 0.03) lower than all other treatments. 
DISCUSSION 
The melanogenic properties of the furocoumarins have been ex-
ploited in the treatment of vitiligo. However, most accounts 6f 
furocoumarin-induced melanogenesis have been subjective. We re-
port, for the first time, quantitative data for some well known furo-
coumarins as well as recently synthesized derivatives. 
UVA-irradiated mice treated with TMA, psoralen, 5-MOP, 
8-MOP, RG 70S, and bergamot oil showed increased pigmentation 
in ears and dorsal skin. High numbers of epidermal melanocytes 
were observed in the ear and to a lesser extent, with the exception of 
TMA, in the dorsal skin. RG 70S, a newly synthesized trimethyl-
azapsoralen, induced melanogenesis with greater efficiency than 
bergamot oil (consisting mainly of 5-MOP and 5-GOP) but less 
effectively than 5-MOP. Overall, the effects of 8-MOP and 
5-MOP were similar although 8-MOP induced greater numbers of 
melanocytes in the ear and 5-MOP greater numbers in the dorsal 
skin. A pigmentary effect of 8-MOP without radiation ill vivo and in 
vitro [22] was not confirmed by us. 
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Table II. Mean ± SEM parameters (n = 3-34 mice) of giant melanocytes (GM) in ear and dorsal skin after UVA irradiation" 
NoGM mm2 Length ofGM No dendrites/GM 
Treatment Ear Dorsal Ear Dorsal Ear Dorsal 
TMA 
Psoralen 
8-MOP 
5-MOP 
RG 705 
0.9 ± 0.3 1.3 ± 0.6 33.8 ± 0.7 35.2 ± 1.5 15.8 ± 0.8 14.6 ± 2.0 
8.2 ± 1.9 1.2 ± 0.5 38.4 ± 1.2 37.7 ±0.9 20.7 ± 0.9 15.8 ± 2.9 
2.5 ± 0.5 0.5 ± 0.3 33.0 ± 1.5 33.8 ± 2.5 16.5 ± 1.0 15.2 ± 1.6 
5.8 ± 1.1 0.2 ±0.2 34.5 ± 1.0 32.5 ± 2.5 19.3 ± 1.3 16.0 ± 1.0 
0.1 ± 0.1 3.8 ± 1.2 34.0 35.0 ± 1.2 10.5 13.8 ± 0.9 
• The value for each mouse is the mean from 25 (O.16mm2) fields. (Note: only 1 GM found where no SEM given.) 
The most effective compound was TMA which resulted in black 
evenly distributed pigmentation (Fig 4b). This was exceptional as 
the other compounds induced mainly peri-follicular, patchy pig-
mentation in the dorsal skin. The effect ofTMA is not strain specific 
as similar results on dorsal skin were obtained with pigmented 
HRA.HRII-c/+/Skh mice (data not shown) . The magnitude of its 
effect cannot be explained by the 30% greater absorbed UV A dose 
when compared with the other compounds (Table I) with the ex-
ception of psoralen. Ventral melanocyte counts increased signifi-
cantly (p < 0.02) with dorsal TMA plus UVA (Fig 7) caused by (a) 
scattered UVA and ventral contamination by grooming or (b) sys-
temic effects as reported with UVB in CS7Bl mice [23]. The me-
lanogenic properties ofTMA plus UV A irradiation have been noted 
previously by subjective assessment in guinea pig and skin of psori-
atic patients [24]. 
OUf experiments were not designed to differentiate between 
melanocyte migration, activation or mitotic activity but the latter is 
induced by UVB in the mouse [21]. Mouse ears and tails have 
interfollicular epidermal melanocytes whereas dorsal melanocytes 
are follicular [25] suggesting that patchy dorsal epidermal pigmen-
tation was obtained by limited melanocyte migration from follicu-
lar areas. Non-patchy dorsal melanogenesis could only be stimu-
lated to ear levels by TMA suggesting extensive migration/mitotic 
activity and its possible use in the treatment of vitiligo in which 
repigmentation appears to be due to the migration of follicular 
melanocytes into the epidermis [26]. 
S-GOP sensitizes singlet oxygen production [27], but unlike 
most furocoumarins does not intercalate with DNA in the dark nor 
form crosslinks [28]' Our data correspond with early studies which 
failed to show any photobiologic activity [29] but lethal photosensi-
tization of mammalian cells in vitro has been reported recently [30]. 
Bergamot oil, in which S-GOP is the major UVR chromophore, 
enhanced melanogenesis. This may be attributed to its S-MOP con-
tent but its unexpectedly high effect, with a S-MOP concentra-
tion X 1/16 of the pure solution, may be due to interaction with 
other bergamot oil components. 
Khellin, which had no melanogenic activity in mouse skin, does 
not enhance UVA induced pigmentation in normal human skin [15] 
but has been used successfully for vitiligo [15,16]. It produces small 
numbers of DNA cross links with UVA exposure but its overall 
DNA binding c~pacity is. ~e.ry low [17]. Khellin's melanogenic abil-
ity may be speCIfic for vlultgo. 
Overall rank order for pigmentation is the same as that for DNA 
binding constant (M- I) with TMA (10,100) > psoralen (8,000) > 
S-MOP (2,000) > 8-MOP (736) > RG 705 (705) > khellin 
(132) > 5-GOP (no data) [17,31-33]. This suggests that DNA 
photobinding per se rather than DNA crosslinks is important as 
TMA has only very limited DNA crosslinking ability [34]. How-
ever, other factors should not be excluded such as photobinding 
with specific psoralen receptor sites [35] such as the epidermal 
growth factor receptor which could result in diverse effects includ-
ing inhibition of keratinocyte proliferation and melanocyte stimu-
lation. Alternatively, PUV A induced depletion of glutathione may 
result in pigmentation [36]. 
Melanocyte lengths were increased significantly on irradiated 
sites treated with TMA, psoralen, 8-MOP, 5-MOP, RG 705, and 
bergamot oil. On ventral skin, however, only bergamot oil had any 
significant effect on melanocyte length. Stimulation of melanocytes 
increases their size and the number of dendrites, most notably by 
5-MOP. A similar observation was made by Rosdahl and Szabo [21] 
in UVB treated C57 B1/6J mice. Dendricity did not change with 
non-melanogenic compounds or those without UV A. PUV A ther-
apy also increases the size of human melanocytes and the develop-
ment and melanization of melanosomes (for review see Pathak et al 
[37]) . 
Giant melanocytes were found randomly dispersed in sites irra-
diated with TMA, psoralen, 8-MOP, S-MOP, RG 705, and berga-
mot oil and did not correlate with other parameters of melanogene-
sis. 
Similar observations were made in UVB-treated mice [21] and 
also human psoriatic skin after PUVA therapy [38] where they were 
less evident than in our study and often in areas oflow photoprotec-
tion lacking pigment donation. The significance of giant melano-
cytes is unknown. 
TMA has been reported to have antiproliferative properties with-
out skin phototoxicity [24,39,40] but our data show photo toxic 
potential with mild erythema lasting 3 d. Skin-fold thickness was 
increased by 28% after 12 d which was 10% greater than 8-MOP 
but significantly less than 5-MOP. The latter was the most photo-
toxic agent inducing a 40% increase in skin-fold thickness in con-
trast with clinical reports of 5-MOP being less phototoxic than 
8-MOP [41]. 
Constitutively pigmented skins and those with an ability to tan 
are at low skin cancer risk compared with skin types of poor tanning 
ability. Melanin may afford protection from UVR-induced DNA 
damage [42,43]. Enhanced pigmentation by furocoumarins or other 
agents may offer a novel approach to the reduction of skin cancer 
risk [25,42,44,45]. 
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